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WIDE-BAND QUASI-OPTIC PRISM COMPONENTS

T. Sueta+, N. Kumagai*f and S. Kurazono''

ABSTRACT: A quasi-optic directional coupler,
attenuator, and magic T which use a dielectric
prism matchable over a wide range of bands are
proposed. The principle of wide-band matching
and the operational characteristics are de-
seribed. The result of experiments in the 60

Ge band showed an excellent agreement of the
experimental and calculated values, confirming
that these components have better character-
istics than any of this type previously re-
ported. It is believed that the quasi-optiec
component described in this paper can be applied
to a wide range of frequencies from short milli-
meter and sub-millimeter waves to that of the
coherent optical wave region which has recently
been developed.

1. INTRODUCTION J457%

In order to put a free-space transmission system such as a beam
waveguide into practical use in the region of the millimeter waves
and below, i1t becomes necessary to develop components suitable for
such a systemn.

This paper takes up the fixed or variable directional coupler,
the fixed or variable reactance attenuator, and the magic T, all of
which employ the dielectric prism, as components that satisfy such
a requirement. The paper also examines the principle of wide-band
matching and its operational characteristics, both theoretically and
experimentally.
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The idea of quasi-optic components that make use of the dielec-
tric prism, such as those mentioned above, dates back even to an old
work by Bose []]. Since then, several works [2-6] have appeared on
the subject. However, all of them have structures such that the
electromagnetic waves are perpendicularly incident on each surface
of the prism, giving rise to an undesirable reflection on each sur-
face. Because of this, none of them possesses the excellent charact-
eristics required for the components. For example, in the case of
a directional coupler, the characteristics of the directional select-
ivity and the insertion-loss are restricted in principle due to the
existence of the undesirable reflected waves. Furthermore, there is
the disadvantage that frequency characteristics appear in the degrees
of coupling and directional selectivity. To eliminate such undesir-
able reflected waves, a device such as quarter wavelength matching
has been invented. However, the range of the matched frequency band
of such a method is essentially narrow, so that its practical useful-
ness as a component becomes very limited.

In contrast to this, the matching method which uses the Brewster
angle, proposed recently by Makimoto and Sueta [7,8], has the excel-
lent advantage that it does not have (in principle) any frequency
characteristics so long as the prism medium is non-dispersive. The
only conceivable disadvantage of the matching method which uses the
Brewster angle is that it imposes a restriction on the polarization
direction of the wave. However, when it is actually applied to a
reflection-type waveguide (for example), the above restriction on the
polarization direction does not actually become a detriment which
narrows the applicability of the component, since the low-loss trans-
mitted beam wave is linearly polarized [9] in a certain direction
initially.

In this paper, we will discuss the theoretical relationships
which play the basic roles in wide-band matching using the Brewster
angle. We will then present the principle of operation, an example
of the design, and the operational characteristics, etc., of the
fixed and variable directional coupler, the fixed and directional
attenuator, and the magic T that employ a wide-band non-reflecting
prism to which the above theory applies.

2. THEORETICAL CONSIDERATIONS

'\?g,F: ;ﬁﬂ When a plane wave whose elec-
\i&{‘/” tric vector is to the boundary
TN plane F of isotropic and lossless
J£B'Q'3¥- : media 1 (specific dielectric con-
Lo ERN F stant €g1) and 2 (specific dielec-
S ‘)L1?\r tric constant e,,) strikes an in-
‘i. N\ terface at an angle 6;, the re-
~ N flection and transmission coef-
Fig. 1. Reflection and Trans- ficients R and T, respectively,
mission at a Plane Boundary of the electric power are given
between Two Different Dielec- by the following expressions [10]:
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where 0; represents the deflection angle. Furthermore, the follow-
ing relation between 6, and 6, follows from Snell's law.
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The incident angle 8y for which R® 0 is given by (1) as

’ 1
0g=tan"‘\/fﬂ‘ ‘. ; , (3)
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Such an angle 6p is called the Brewster angle. As we see from (3),
the Brewster angle 06p is independent of fre-
quency as long as the media are non-disper-

= d = sive.
o 1q N 2
RSN £1= £s1£0 Let us next consider a case in which two
ﬁiﬁ;fﬁf £= Eszfo dielectrics 1 and 2 and separated by a gap d,
N ‘ftg_._ as shown in Fig. 2. Tor the calculation of
N ‘\&2 the power reflection coefficient of the wave
AN BN striking the interface through dielectric 1
}, Ha and the power transmission coefficient from

@ dielectric 1 to dielectric 2, we can think of

a transmission line model which is equivalent
Z, | to Fig. 2(a) and shown in Fig. 2(b) [11]. 1If
7 we assume that the electric vector of the in-
cident wave is parallel to the interface, the

Z4,
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) characteristic impedance Z and the propagation

constant y in the dielectrics and the gap are
Fig. 2. Three- given by the following expressions, respec-
Layered Dielec- tively:
tric Medium (a),
and its Equiva-
lent Circuit Re-
presentation (b). rFﬁ%EJEkm0i

1
Zi=ng—==cos 0;
= i=0, 1, 2 (1)

Here, A denotes the wavelength in free space and n = Vup/eg is the
characteristic impedance of free space. The remaining notations
are as in Fig. 2. If we compute 23, Yo and Z, from the above equa-
tions for a case where 6; is greater than the critical angle 6g

(8 = sin'1Vl/esi), we obtain

Zy=jx=jn+¢ysin' 0,—1

2
Tn"‘.‘z:’TN/‘tx sin*6,—1

Zy=nq —1—<1— 6": sin’—0,>
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where x and o are real numbers. On the other hand, the impedance
matrix between H, and H, of Fig. 2(b) is given by

Z, Z, cothad  cosechad
() }

Zooy Zpa *\ cosech e d cothad

Hence, the power reflection coefficient R and the power transmission
coefficient T for this case are given by the following expressions.

R=1-T ‘
_| 2y ZZ, Z, |’ }
T—~| (Zn "’Zl) (Zzzz+Zz)“Zu”| ‘ ( 7 )

We compute T by substitution in (#)-(6) as follows:

sp=Asiniad B (8)
where
A= \
Cen=1){egy—1) {{es, + L)sin®,~ 1} {enlegat1)sin®d, —~e, }
44/ €, €508 0,(es, 8in’0, —1) v/ €,, 1, sin®f, ( 9)

B= {e42 08 0, &/ €5, Cep—e,, sin? 6,)}*
44/ e 64,0080, 4/ €,,—¢,, 8In% 6,

a In a special case, when the di-

electric constants of the two dielec-
trics are equal (eg) €g €g)

(8) is wvalid with the foliowing val-
ues of 4 and B:

A o= DMt Dsint 0, -1y |
T 4e,cos?0,(e,sin? 0, —1) ‘! (10)

{
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B=1

As can clearlv be seen from (1)
and (8), it is possible to reflect or
transmit the incident power in an
! arbitrary ratio by varying the angle
of incidence 6; or the gap d. Figures
3 and 4 show examples of construction
of fixed and variable directional
couplers based on this principle.

In these diagrams, the angle of in-
cidence at surface F of each prism
Fig. 3. Wide-Band Single- equals the Brewster angle given by
Prism Directional Couplers. (3), eliminating the undesirable
reflection. As mentioned before,
there will be no frequency charac-
teristics in this matching method

as long as the dielectric constant
of the dielectric is non-dispersive.
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Fig. 4. Wide-Band Double-Prism Variable
Directional Coupler.




3. RESULT OF MEASUREMENTS OF CHARACTERISTICS
OF THE VARIOUS COMPONENTS

3.1. Double-Prism Directional Coupler and Attenuator

The elements of the S-matrix of a double-prism variable direc-
tional coupler which uses two dielectric prisms with equal dielectric
constants, as shown in Fig. 4, are obtained from (8) as follows:

lSuIz:,Sul’:l—,SuI'
ISnl _:=|Sul—'=A sinh*a¢ d+ B

20 e |
Here d=—R-JE,Slﬂ’0,—1 l

Sii=8,=S8,3=0, i=1,2,3,4 } (

(11)
|

A and B are given by (10), and the other notations are as shown in
Fig. 4. As we see from (11), we can achieve an arbitrary degree of
coupling (-10 log|S;3|2) by varying the gap d. The directional se-
lectivity theoretically becomes «=dB.

An example of the result of the test on a design using the 50 Ge
band is shown in Fig. 5. Teflon (specific dielectric constant e, =
2.12) was used as the prism material and the prisms were designed
such that the condition of the Brewster angle on the surfaces F and
the condition of total reflection on the surfaces H are satisfied.

As a result, the angle 6g> B, 61, etc. are given by

8p=tan~' 4/ e, =tan™* 4/ 2.12=55.5° i
(eB = Brewster angle)

f=20p=111°, 0,=x—205=69° /

It is to be noted that the direction
of polarization of the incident wave

<10legIS¢; 17, (68) —=

t
|
T ‘ : \ is assumed to be parallel to the plane
" 4<’>_3 ! of incidence; moreover, the design is
f— o — ‘ such that the input and output waves
. degree of] become parallel. The dimensions of
's'ﬁgﬁﬁivﬁoﬁgyng‘ | the prism are: a = 13.5 cm, b = 4.7 cm,
(Sel y :calc.values | and the thickness = 5 cm.
10} *+ :meas, values
£5=2.12,05= 555" As the transmitter horn I we used
sk ;:mgé"“ Type 4011 (made by Hitachi)j; as the re-
ceiver horns 2-4 we used magnetic horns
with aperture = 30 mm x 2.4% mm and
N S TE— T os length 50 mm. One of the two prisms
@) —= ' is fixed and the other is movable re-

lative to the former by a micrometer
screw mechanism, and the gap d is read
from the micrometer. The separation

of the receiver horns 2-4 and the prism
surface is set to about 1 cm, and the
separation between the transmitter

Fig. 5. Illustration of
Measured (Dots) and Cal-
culated (Solid Lines)
Characteristics of Wide-
Band, Double-Prism Vari-
able Directional Coupler.




horn 1 and the prism surface is set to more than 1 m in order to im-
prove the applicability of the plane-wave approximation of the inci-
dent electromagnetic wave.

The black dots in Fig. 5 represent the measured values (at the
frequency 49.5 Gc) of the coupllng (-10 log|S13]?) and transmissivity
(-10 log|Si, The measured values (in dB) are
those assumed by the output of the receiver horn 3 corresponding to
zero separation d as the standard (0 dB). The solid lines in Fig. 5
are calculated values based on (11). As seen from the diagram, the
agreement between the measured and calculated values 1is excellent.

As may be seen from examples of the measured frequency characteris-
tics for d = 0.3 mm and 1.2 mm, similar agreement is accomplished
for other frequencies also.

The insertion-loss over the frequency band measured was about
0.2 dB. This value is close to the calculated value when tan § of
teflon is taken as 0.3 x 10-3, To show the wide-band nature of
matching with the use of the Brewster angle, in Fig. 7 we compared
numerically the insertion-losses for the gap separation d = 0 in the
case of prisms using the Brewster angle and in the case of right-
angle prisms. Compared with the case of prisms using the Brewster /U460
angle, the case of right-angle prisms previously used shows that the
insertion-loss exhibits marked frequency characteristics, with an
increase of its value due to unwanted reflection at the input and
output surfaces of the prisms. A similar situation takes place for
cases where the gap separation is nonzero.
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Fig. 6. Frequency Characteristics of Wide-Band, Double-Prism Vari-

able Directional Coupler. Measured (Dots) and Calculated (Solid)
Line).

Fig. 7. Comparison of Insertion-Loss of Wide-Band, Double-Prism
Variable Directional Coupler with That of Ordinary Rectangular Prism
Coupler (Calculated).




Figure 8 shows the directional selectivity (the ratio of the
output to 3 and the output to 4) measured at the same frequency of

49.5 Ge. For comparison, we
" diréctional
“selectivity(meas. value)
fox~the case using thel™:
: rewster anglei
4%'” B e
I B aheah. directional
2l gaofrea, P g select1v1ty&calc.‘
g}g - ‘“'"“?i‘values)worﬁhe case|
= *;-‘ 20} &« rlght—an gle prisms
9 Shol ST el ()
Slol™f SR
Bl |
n () — ,
Fig. 8. Comparison of

Directivity of Wide-
Band, Double-Prism
Variable Directional
Coupler (Measured)
with That of Ordinary
Rectangular Prism
Coupler (Calculated).
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Fig. 9. Characteristics

of Wide-Band, Double-
Prism Variable Direc-
tional Couplers Using
a Pair of Prisms Hav-
ing Different (Solid
Line) and Same (Brok-
en Line) Dielectric
Constants.

also show the directional selectivity

characteristics of a double-prism di-
rectional coupler which does not use

the Brewster angle, recently described
by Fellers et al [6] in IEE Transactions
on MTT (calculated values shown as a
solid line). It can be seen that the
trial coupler produced by the authors
has far superior characteristics.

When a directional coupler is con-
structed from two kinds of dielectric
prism with different dielectric con-
stants as shown in Fig. 9(a), its g-
matrix elements can be obtained from
(11) by substituting (5) for o and (9)

for A and B. Thus, for example, the
degree of coupling for
g1 = 1.1, egp = 1.254, and o, = 87°16 "'

shown in the
and its wvaria-

varies with the gap 4 as
solid line of Fig. 9(b),
tion with 4 is slower as compared to

the case (broken line of the same fig-
ure) of a double-prism using the same
kind of dielectrics (eg; = €45, = 1.1).
Therefore, in order to realize precisely
a degree of coupling of the order of sev-
eral dB by a fine adjustment, it is ad-
vantageous in practice to use a double-
prism which is composed of two dielec-
trics with different dielectric con-
stants. However, in this case the deg-
ree of coupling for zero value of ¢

does not become 0 dB. Instead, it re-
duces to a fixed directional coupler
with a certain fixed degree of coupling
which is determined by the ratio of the
dielectric constants of the two kinds

of dielectrics and the summit angle 8

of the prism.

The double-prisms shown in Figs.
4 and 9(a) can also be used as variable
reactance attenuators. For example, if
we regard 1 and 3 as the input and out-
put termini, respectively, their char-
acteristics are given by the curve for
|S13] of Fig. 5 and Fig. 9(b), respect-




ively. Since these attenuators can be calibrated, theoretically

they may be used as standard attenuators. In addition, the fact /461l
that the relationship between the gap d and the amount of attenua-
tion shows very good linearity except for the neighborhood of 4 = 0
is a practical advantage.

3.2. Single-Prism Directional Coupler and
Attenuator

When a single dielectric prism (as shown in Fig. 3) is used, it
becomes a fixed directional coupler. It must be designed so that
the condition of the Brewster angle is satisfied on the surface F
to avoid unwanted reflection there. The S-matrix elements for this
case are given from (1) by the following:

| Sa‘i"'S:t:Su:o: i=1.2,3,4 ‘
IS.:I_‘=]S..I’=1——,|S,,|’ ' .
: tan' {8, — sift (¥, 5in 8,)} L
S, 2= 18,02 - !
lquzt 1852 = taﬁ’_{ﬂ.‘fs"‘—‘(Es‘n 0,3} .

(12)

where

81 = 6,- Case of Fig. 3(a)

N

61 = m-0,-

B Case of Fig. 3(b)

N[

As seen from (12), the degree of coupling of such a single-prism di-
rectional coupler is a constant, independent of the freguency, de-
termined by the summit angle B8 of the prism or 6;.

Figure 10 shows the coupling characteristics of a single-prism
fixed directional coupler which
was designed and produced in
trial form using teflon as the

prism material (eg = 2.12) and

{= » with g = 60°, 9, = 25.5°, length
g 2o} of one side = 12 cm, and thick-
ézw_ - ﬂﬁghﬁb.éﬁﬁ*ﬁﬂs ness = 5 cm. Here, the m§as—
2L - cale, values(dielectric| ured values (black dots, in
® 7 — losdincludedtané=03x10) dB) represent the power re-
-;To.t —~e-meas 4,2.712,_5556',‘91;255') ceived when its standard (0 dB)

R e g L ﬁﬂA is taken as the case where the

% S PN O S | prism is removed and receiver

® - T4 80

horn 2 or 3 is placed at point
P of Fig. 3(a) exactly opposite
transmitter horn 1. The solid
line represents the calculated
values based on (12). 1In these
calculated values, the loss is
taken into account by assuming

Frequency (Gc)

Fig. 10. Frequency Characteris-
tics of Wide-Band, Single-Prism
Directional Coupler. Measured

(Dots) and Calculated (Solid
Lines).

tan § of the dielectric to be
equal to 0.3 x 10-3



When the single prism mentioned above is used, it is obvious

that we obtain a fixed attenuator with a definite amount of attenu-
ation.

3.3. Magic T

In a double-prism directional coupler like the one in Fig. U4,
if we adjust the gap so as to divide the input through I equally
into 2 and 3, it becomes equivalent to a magic T.

As an example, if we set (in the double-prism using Teflon)
B = 111°, 6; = 69°, d = 0.51 mm, and frequency f = 49.5 Gc, it be-
comes a magic T, and its separability becomes about 27.5 dB (meas-
ured value).

4. CONCLUSIONS

The principle and characteristics of a wide-band prism direc-
tional coupler, attenuator, and magic T which make use of the Brews-
ter angle are discussed. It is shown that the results of trial pro-
duction and experimentation in the 50 Gec band agree very well with
the calculated values. It is believed that such components can be
extended and applied not only to the short millimeter and sub-milli-
meter waves but also to the light wave region which has recently been
developed.
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APPENDIX

A.1. Brewster Angle Matching of Dielectric Prisms
with High Dielectric Constant

In the design of various components which make use of dielec-
tric prisms with high dielectric constant, if it is desired to ac-
hieve wide-band matching by use of the Brewster angle, it becomes
impractical because the Brewster angle approaches 90°. In such a
case, one can avoid inconvenience by inserting a dielectric prism 2
which has a dielectric constant between those of the two media 1
and 3 (as shown in Fig. A.1), to make the incident angles at each
interface become the Brewster angles.

In the case of Fig. A.1(a), the summit angle ¢ of the inter-

mediate prism 2 is given from the figure by the following expres-
sion.

¢ = 90° + Bp, - 6p, (A.1)

where 06p; and 06, stand for the Brewster angles at surfaces 4 and
B, respectively. In the case of Fig. A.1(b), the summit angle ¢ of
the intermediate prism 2 is given by the following:

$ = 61 * 6B2 - 90°. (A.2)
As a special case of 6, B 6p,, we have ¢ = 90° in the setup shown
in Fig. A.1(a). This means that we may use a right-angle prism as
the intermediate prism. TFurthermore, the incident direction on sur-
face 4 and the transmitted direction on surface B become parallel
in this case. The condition for 61 = 63, is given by
€, = Ve €4 (A.3)

which is the same as the condition of matching by the use of a quar-
ter-wavelength dielectric plate. Although there are frequency char-
acteristics, in the case of a quarter-wavelength matching, the
matching condition becomes independent of the frequency for a method
like the one above which makes use of an intermediate prism, as

long as the dielectric is non-dispersive.

A.2. Generalized Brewster Angle

The Brewster angles at the boundary surface of two kinds of
media with different dielectric constants and magnetic permeability
are given by the following. If we call the Brewster angles for the
cases where the electric vector is perpendicular and parallel to
the incident planes eBl and 6py, respectively, they are given by

o . o
; -./( eg/8,8,)~1
85, =co8 ol 7i)' —1 1 (A.u)
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0B‘u =cos™! \/ ——""LJ’—""('EZI:;BI 1

In these equations €15 My and €,5 M, represent the dielectric con-
stant and magnetic permeability of media 1 and 2, respectively. The
conditions for the existence of 6p; and 8p; are determined from
(A.4) and (A.5) and are given in Table A.1. As seen from this
table,

(A.5)

TABLE A.1. CONDITIONS OF EXISTENCE OF GENERALIZED BREWSTER ANGLES

~ €1<€9 €1”€9
H1<u2 H1>U2 W1l <u2 H1>U2
. .y € €
Existence Condition for 6pg; —Zi;u_i H1€] > Uo€Ep |H1E] < H2€2 .8_2; ;.E_i
. - € , €
Existence Condition for eB” —%;=E% M1E€1<X Ug€Ep |H1E] > U2ED €%§=%%

GBL and 8g; cannot exist simultaneously
except for the case of the equality sign.
However, when the equality sign holds, we
obtain ®gy = 8py = 0, so that there is no
sense in discriminating between the polar-
ization directions. When the equality
sign holds, the wave impedances Yu/e of
the two media become equal; hence, it is
natural that there is no reflection for
the incident wave which is perpendicular
to the interface.

In the case of u; = w,, there exists
only eB” which is given by
o1 / 1 -l:r_—

Fig. A.l1. Technique amfmf. @,'+1=Emv “ln (#.6)
to Perform the Wide-
Band Matching Between which agrees with (3). Furthermore, for
Two Dielectric Media the case ¢} = €,, only 6p; exists and 1is
Having Significantly given by
Different Dielectric
Constants. eBL = tan’qul/uz. (A.7)

That is to say, by the use of a magnetic substance, we can make
Ry @ 0. 1In this case, it can be applied for instance to parallel
lines on a plate and so on, since the electric vector is perpendic-
ular to the incident plane.
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